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Abstract
Kyushu Island, located at the junction between the Southwest Japan Arc and the Ryukyu 
Arc, is a key area to discuss geotectonics of the Japanese Islands. 
The Higo Belt in western Kyushu has been considered as the Ryoke Belt. On the contrary, 
it is pointed out the possibility that this belt is correlated with the paleo-Ryoke Belt. K-Ar 
age and Sr isotope ratios are determined for the granitic clasts from the Permian Mizukoshi 
Formation in the Higo Belt. K-Ar hornblende age is 260 ± 13 Ma and initial Sr isotope ratios 
(SrI) are calculated as 0.7049 and 0.7050. Based on petrography, geochemistry, K-Ar age 
and SrI, these clasts are correlated with the other Permian granites in the Japanese Islands 
including the granitic clasts in the Usuginu-type conglomerate in the South Kitakami Belt 
(Usuginu granitic rocks). The constituents of the paleo-Ryoke Belt occur in the Higo Belt, 
such as Permian granites and mid-Cretaceous high-grade metamorphic rocks. Additionally, 
the Ryuhozan metamorphic rocks and the Mizukoshi Formation are correlated with the 
Upper Paleozoic formations in the South Kitakami Belt, and the Higo metamorphic rocks and 
associated granitic rocks are correlated with the Takanuki metamorphic rocks in the Abukuma 
Belt. It is revealed that the Higo Belt is included in the paleo-Ryoke Belt and correlated with 
the South Kitakami and the Abukuma Belts.
The conclusion mentioned above cast some doubt on a western extension of the Median 
Tectonic Line (MTL) in Kyushu. In other words, the Oita-Kumamoto Tectonic Line (OKTL) 
is highly possible as a western extension of the MTL. 
SHRIMP zircon U-Pb ages are determined for the Cretaceous granites distributed 
in middle Kyushu. Tamana granodiorite in the Kikuchi area give age of 113.4 ± 5.0 Ma. 
Kurotsusaki granodiorite in the Kunisaki Peninsula which belong to the Ryoke Belt give age 
of 113.4 ± 5.0 Ma. The zircon ages of the granites in middle Kyushu are concentrated at about 
110 Ma. This age is older than the starting age of igneous activity for granites in main island 
of Japan. 
Clasts of granitic mylonite are found as the accidental clasts from the Aso-4 pyroclastic 
ﬂow deposit, northern side of the outer rim of the Aso caldera. Granitic mylonite is known as 
the Nioki granite in the Asaji area, east of the Aso caldera. The accidental clasts of granitic 
mylonite are closely similar to the mylonitized Nioki granite in petrography, such as bearing 
muscovite and garnet. Additionally, the chemical trend of the Nioki granite and the accidental 
clasts of granitic mylonite are same as that of other granites in the Asaji area. This accidental 
clast of granitic mylonite give 98.2 ± 2.1 Ma and 98.6 ± 2.1 Ma as K-Ar muscovite age. And 
the Nioki granite give K-Ar muscovite ages of 99.2 ± 2.2 Ma and 98.4 ± 2.1 Ma and CHIME 
iv
monazite age of 105.6 ± 4.2 Ma. Each K-Ar muscovite age is consistent within analytical 
errors. Considering the closure temperature of each dating methods, these ages are agreement 
with each other. This suggests that the mylonite zone of the Nioki granite continue toward 
the Aso volcano. This mylonite zone lies on the strong gravity anomaly gap. Accordingly, the 
OKTL is a signiﬁcant tectonic line and highly possible a western extension of the MTL.
As to a western extension of the MTL, it is pointed out that the cooling ages of granites 
in middle Kyushu show obvious contrast between north and south of the OKTL. However, 
it is revealed that the solidiﬁcation ages of granites are contemporaneously on the north and 
south of the OKTL. In this study, clear idea suggesting that the OKTL is a western extension 
of the MTL could not be proposed. But then, since it is revealed that the Higo Belt is included 
in the paleo-Ryoke Belt, the UYTL which situated at south of the Higo Belt is not regarded as 
a western extension of the MTL.
Based on the geochronological data, igneous activity of granites in middle Kyushu is 
concentrated at 110 Ma. This age is signiﬁcantly older than the starting age of igneous activity 
for granites in main island of Japan. Therefore, it is expected to determine the solidiﬁcation 
age of the easternmost Ryoke granites in future.
Key words: Granite, Higo Belt, Ryoke Belt, paleo-Ryoke Belt, Median Tectonic Line, Oita-
Kumamoto Tectonic Line, K-Ar age, SHRIMP zircon U-Pb age, CHIME monazite age, 
accidental clast
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1Chapter 1  Introduction
Kyushu is a key area to discuss geotectonics of the Japanese Islands, since it is the 
region of conjunction between the Southwest Japan Arc and the Ryukyu Arc. The Southwest 
Japan extending from the Fossa Magna to the Ryukyu Islands is characterized by the zonal 
arrangement of Jurassic to early Middle Miocene accretionary complexes. However, the trend 
of these accretionary complexes changes from ENE to NNE in Kyushu. It is attributed to a 
clockwise rotation of the Southwest Japan Arc about a pivotal point located in Kyushu. This 
rotation was associated with the spreading of the Japan Sea. After this, the Southwest Japan 
Arc and the Ryukyu Arc developed in geologically different ways. The Okinawa Trough 
extends eastward to the Beppu-Shimabara Rift Zone. Mt. Kuju, Aso and Unzen are active 
volcanoes developed along this rift zone. Since this rift zone is filled with thick volcanic 
rocks erupted from volcanoes in the rift zone and in the adjacent areas, the basement rocks are 
scarcely exposed and various theories has been reported about geotectonic division in Kyushu. 
The Ryoke Belt in Southwest Japan is a typical low-P/T metamorphic belt developed 
along the Median Tectonic Line (MTL). Cooling ages of these metamorphic and granitic rocks 
show an along-arc variation of the eastward younging from 100 Ma in the western Chugoku 
area to 70 Ma in central Japan (e.g. Matsumoto, 1977). Nakajima et al. (1990) presented 
models suggesting that this age variation is reﬂecting a migration of the plutonometamorphism 
in the Ryoke Belt from west to east, caused by eastward migration of subducted ridge. On 
the contrary, Suzuki and Adachi (1998) reported CHIME (chemical Th-U-total Pb isochron 
method) monazite ages of gneisses and granites from the eastern and western parts of the 
Ryoke Belt. They revealed that the geologically oldest plutons in the eastern and western parts 
are both dated at 95 Ma. In the eastern part (Chugoku area), plutonism continued from 95 Ma 
to 68 Ma at intervals of 2-10 Ma. In the western part (central Japan), in contrast, it ceased 
at 85 Ma. They concluded that the cooling age variation show that denudation rates of the 
granites in the western part is rapidly than that in the eastern part. Dealing with this matter, a 
key point is solidiﬁcation age of granites in the easternmost and the westernmost part of the 
Ryoke Belt. It is essential to reveal areal extent of the Ryoke Belt in Kyushu. Since the MTL 
is deﬁned as a fault boundary at the southern margin of the Ryoke Belt, clarifying a western 
extension of the MTL in Kyushu is signiﬁcant at this point.
This thesis aims to clarify the geotectonic implication of middle Kyushu based on 
isotopic ages of granites as basement rocks. Chapter 2 reviews the geotectonic framework of 
2Kyushu. Chapter 3 discusses the attribution of the Higo Belt based on K-Ar age of the granitic 
clasts from the Mizukoshi Formation. Chapter 4 shows the SHRIMP zircon U-Pb ages of 
Cretaceous granites in middle Kyushu and discusses a western extension of the MTL. Chapter 
5 shows the K-Ar ages and CHIME monazite age of the Aso accidental clasts and the Nioki 
granite, and discusses a western extension of the MTL from different side. Chapter 6 discusses 
the igneous activity of middle Kyushu and a western extension of the MTL as a whole. 
Finally, conclusions are framed in chapter 7.
3Chapter 2  Geotectonic framework
2.1  Geotectonic division of Kyushu
Kyushu Island is located at the junction between the Southwest Japan Arc and the 
Ryukyu Arc. Although the zonally arranged areal distribution of accretionary complexes are 
observed in Chugoku and Shikoku in Southwest Japan, this zonal structure become unclear in 
Kyushu. In middle Kyushu, additionally, abundant Cenozoic volcanic rocks covers basement 
rocks. Therefore, various tectonic model has been proposed. Kyushu is divided into eight 
tectonic units from north to south; Renge Belt, Suo Belt, Nagasaki Belt, Ryoke Belt, Higo 
Belt, Sanbagawa Belt, Chichibu Belt, Shimanto Belt (Fig. 2-1). Each brief description will be 
outlined below.
2.1.1  Renge Belt
The Renge Belt is the oldest (330-280 Ma) high-P/T metamorphic belt in the Japanese 
Islands. Based on metamorphic geology and geochronology, Nishimura (1998) divided the 
Sangun Belt into the Renge Belt and the Suo Belt (2.1.2). The Renge Belt extends from 
northern Kyushu including the Kiyama area, through the San-in coastal regions to the Hida 
Marginal Belt. It is composed of high-P/T schists metamorphosed mainly at the glaucophane 
to epidote-amphibolite facies. It is also characterized by meta-ophiolite (470-340 Ma) in the 
form of serpentinite mélange.
2.1.2  Suo Belt
The Suo Belt is characterized by 230-160 Ma high-P/T schists, which closely associated 
with a weakly metamorphosed Permian accretionaly complex of the Akiyoshi Belt (Nishimura, 
1998). The Suo Belt is widespread from west Kinki, Chugoku to north and central Kyushu, 
extending farther to the southwest into the Nomo, Manotani and Ishigaki-Iriomote areas. The 
metamorphic facies of the Suo schist is pumpellyite-actinolite to glaucophane facies with rare 
epidote-amphibolite facies (Hashimoto, 1972; Nishimura et al., 1977).
2.1.3  Higo Belt
The Higo Belt has been divided into four units from north to south; Manotani 
metamorphic rocks, Higo metamorphic rocks, Higo plutonic rocks and Ryuhozan metamorphic 
4Fig. 2-1.  Geotectonic division of the Japanese Islands modified after Ichikawa (1990), Isozaki 
and Maruyama (1991) and Nishimura (1998). TTL: Tanakura Tectonic Line, ISTL: Itoigawa-
Shizuoka Tectonic Line, MTL: Median Tectonic Line, BTL: Butsuzo Tectonic Line.
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5rocks (Karakida, 1992). The Manotani metamorphic rocks consist of green-schist to lower 
amphibolite facies rocks partly including alkali-amphibole and lawsonite (Yamamoto, 1962; 
Karakida et al., 1989; Obata et al., 1994). According to Nishimura (1998), these metamorphic 
rocks are regarded as the Suo Belt based on their radiometric ages. The Higo metamorphic 
rocks consist of low-P/T metamorphic rocks up to granulite facies with anatexite (Yamamoto, 
1983; Obata et al., 1994). The Ryuhozan metamorphic rocks are characterized by low-grade 
metamorphic rocks containing mainly basic and acidic tuff and carbonate rocks with minor 
clastic sediments (Yamamoto, 1962). The Miyanohara tonalite on the northwest, the Manzaka 
tonalite on the northeast and Shiraishino granodiorite on the south form the major units in the 
Higo plutonic rocks (Yamamoto, 1962). The Miyanohara tonalite intrudes into the Ryuhozan 
metamorphic rocks. The Shiraishino granodiorite intrudes into both the Miyanohara tonalite 
and the Higo metamorphic rocks. The Manzaka tonalite intrudes the Higo metamorphic rocks. 
The metamorphic rocks around Mt. Raizan area, Sefuri Mountains in north Kyushu can be 
correlated with the Higo metamorphic rocks (Owada et al., 2000).
2.1.4  Ryoke Belt
The Ryoke Belt is situated in the southern end of the Inner Zone of Southwest Japan. It 
runs for over 1000 km along the MTL from eastern Kyushu to northern Kanto. The Ryoke 
Belt is characterized by low-P/T type metamorphism and intensive felsic igneous activity. 
In Kyushu, the metamorphic and granitic rocks in the Kunisaki Peninsula and the Hohi 
geothermal area are regarded as the Ryoke Belt (Karakida et al., 1969; Sasada, 1987).
2.1.5  Sanbagawa Belt
The Sanbagawa Belt is composed of Late Jurassic to Early Cretaceous accretionary 
complex as a protolith. These sequences were altered to high-P/T metamorphic rocks in 
the Cretaceous period. The crystalline schists of the Saganoseki Group in the Saganoseki 
Peninsula are regarded as the western margin of the Sanbagawa Belt. On the other hand, 
Nishimura (1998) revealed that the metamorphic rocks in the Nomo Peninsula, previously 
regarded as the Nagasaki metamorphic rocks, are comprised of two metamorphic rocks and 
suggest that one is assigned to the Suo Belt and another is to the Sanbagawa Belt. 
2.1.6  Nagasaki Belt
The Nagasaki metamorphic rocks in the Nishisonogi and Nomo Peninsulas, and the 
Amakusa-Shimoshima Island has composed of the Nagasaki Belt (Nishiyama, 1992). These 
metamorphic rocks underwent high-P/T type metamorphism. Several different geotectonic 
6settings have been proposed for this belt (e.g. Miyashiro, 1973; Hirokawa, 1976; Hattori and 
Shibata, 1982; Faure et al., 1988; Banno and Nakajima, 1992). However, little is known as 
their geological setting. Recently, Nishimura (1998) proposed new interpretation about the 
Nagasaki metamorphic rocks in the Nomo Peninsula (described 2.1.5).
2.1.7  Chichibu Belt
The Chichibu Belt is the Jurassic to Early Cretaceous accretionary complex. This belt 
is bounded on the north by the Usuki-Yatsushiro Tectonic Line and the south by the Butsuzo 
Tectonic Line. It is divided into the Kurosegawa Tectonic Zone on the north and the Sanbosan 
Belt on the south. In Kyushu, the Northern Chichibu Belt is not defined. The Kurosegawa 
Tectonic Zone is characterized by granitic rocks, high-P/T metamorphic rocks and Siluro-
Devonian sequence associated with serpentinite. The Sanbosan Belt is composed of the 
Triassic to Jurassic sequence and the Jurassic sediments with olistolith.
2.1.8  Shimanto Belt
The Shimanto Belt is the Cretaceous to Earliest Neogene accretionary complex. It is 
situated on the south of the Butsuzo Tectonic Line. In eastern Kyushu, the Nobeoka thrust 
divided the Northern Shimanto Belt and the Southern Shimanto Belt.  
2.2  Geochronological data of granites in middle Kyushu
In Kyushu, many isotopic ages of granites were reported (Fig. 2-2). The previous 
geochronological data of granites in middle Kyushu are listed in Table 2-1. The quoted age 
data throughout this thesis are recalculated using the contents recommended by the IUGS 
Subcommission on Geochronology (Steiger and Jäger, 1977).
The K-Ar ages for the granites in middle Kyushu are presented by Kawano and Ueda 
(1966), Matsumoto and Narishige (1985), Sasada (1987), Nakajima et al. (1995), Ministry of 
International Trade and Industry (1980a), Kamei et al. (2000) and Takagi et al. (2000). K-Ar 
ages are listed as follows; In the Kunisaki Peninsula, Kurotsusaki tonalite give age of 91.1 ± 4.6 
Ma (biotite). Gyojyamisaki tonalite give ages of 85.5 ± 4.3 Ma (biotite) and 94 Ma (muscovite 
from aplite). Ushiyashiki granite give ages of 88 Ma and 97 Ma (biotite). In addition, schist 
of the Kunisaki Peninsula is to be 88.0 ± 4.4 Ma (biotite) and 86.2 ± 4.3 Ma (muscovite). 
Maruta granodiorite distributed northwest of Beppu give age of 78.2 ± 3.9 Ma (biotite). In 
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8Method Age (Ma) References
������������������
Kurotsusaki Tn. and Gyojyamisaki Tn. Rb-Sr WR isochron 142.2 ± 2.1 Osanai et al. (1983)
Kurotsusaki Tn. Bt tonalite K-Ar (Bt) 91.1 ± 4.6 Ministry of International Trade and Industry (1980a)
Gyojyamisaki Tn. Bt tonalite K-Ar (Bt) 85.5 ± 4.3 Sasada (1987)
aplite K-Ar (Ms) 94 Ministry of International Trade and Industry (1980a)
Ushiyashiki Gr. Hb granodiorite K-Ar (Bt) 88 Matsumoto and Narishige (1985)
Bt-Ms granite K-Ar (Bt) 97 Kawano and Ueda (1966)
Bt granite zircon FT 80.5 ± 7.4 Hoshizumi and Morishita (1993)
granite zircon FT 76.5 ± 3.8 Hoshizumi and Morishita (1993)
��������������������
Kashinomure granite K-Ar (Bt) 80.7 ± 4.0 Sasada (1987)
Bt tonalite K-Ar (Bt) 108 Sasada (1987)
SHRIMP zircon U-Pb 75 ± 2 Takagi et al. (2001)
����������
Yamanaka Gd. K-Ar (Bt) 112.0 ± 5.6 Sasada (1987)
K-Ar (Bt) 104 ± 5 Takagi et al. (2000)
K-Ar (Hb) 103 ± 5 Takagi et al. (2000)
K-Ar (Kfs) 75.1 ± 3.8 Takagi et al. (2000)
Rb-Sr WR isochron 164.0 ± 14.7 Osanai et al. (1983)
SHRIMP zircon U-Pb 107 ± 6 Takagi et al. (2001)
Watada Gd. K-Ar (Bt) 92.4 ± 4.6 Sasada (1987)
Rb-Sr WR isochron 101.6 ± 7.2 Osanai et al. (1983)
Nioki Gr. Rb-Sr WR isochron 116.9 ± 7.3 Osanai et al. (1983)
������������
Tamana Gd. Bt-Hb granodiorite K-Ar (Bt) 89 Kawano and Ueda (1966)
Kikuchi Gr. K-Ar (Bt) 95.3 ± 4.8 Sasada (1987)
granodiorite Rb-Sr WR isochron 121.3 ± 8.4 Osanai et al. (1983)
Tsutsugatake Gr. Bt granodiorite K-Ar (Bt) 71 Kawano and Ueda (1966)
tonalite K-Ar (Bt) 95.0 ± 4.8 Sasada (1987)
tonalite K-Ar (Ms) 95.1 ± 4.8 Sasada (1987)
Ms-Bt granite Rb-Sr WR isochron 116.8 ± 12.7 Osanai et al. (1983)
���������
tonalite Rb-Sr WR isochron 229.4 ± 26.3 Osanai et al. (1983)
Miyanohata Tn. K-Ar (Bt) 99.8 ± 3.1 Nakajima et al. (1995)
K-Ar (Hb) 100.3 ± 3.8 Nakajima et al. (1995)
K-Ar (Hb) 103.5 ± 1.0 Kamei et al. (2000)
K-Ar (Hb) 104.2 ± 1.1 Kamei et al. (2000)
Sm-Nd Hb-WR isochron 110.1 ± 3.5 Kamei et al. (2000)
Sm-Nd Hb-WR isochron 182.7 ± 3.1 Kamei et al. (2000)
Sm-Nd Hb-WR isochron 210.8 ± 1.2 Kamei et al. (2000)
SHRIMP zircon U-Pb 110.4 ± 4.1 Sakashima et al. (2003)
SHRIMP zircon U-Pb 111.4 ± 2.7 Sakashima et al. (2003)
Manzaka Tn. SHRIMP zircon U-Pb 112.7 ± 4.9 Sakashima et al. (2003)
Shiraishino Gd. K-Ar (Bt) 102.9 ± 3.1 Nakajima et al. (1995)
K-Ar (Hb) 105.1 ± 1.1  Kamei et al. (2000)
Abbreviations: Gr; granite, Gd; granodiorite, Tn; tonalite, Bt; biotite, Hb; hornblende, Ms; muscovite, Kfs; K-feldspar, WR; whole rock.
Rock Type
Table 2-1.  Geochronological data of the granites in middle Kyushu.
9Asaji area, Yamanaka granodiorite give ages of 112.0 ± 5.6 Ma, 104 ± 5 Ma (biotite), 103 ± 
5 Ma (hornblende) and 75.1 ± 3.8 Ma (K-feldspar). Watada granite give age of 92.4 ± 4.6 Ma 
(biotite). In Kikuchi area, Tamana granodiorite give age of 89 Ma (biotite). Kikuchi granite 
give age of 95.3 ± 4.8 Ma (biotite). Tsutsugatake granite give ages of 71 Ma, 95.0 ± 4.8 Ma 
(biotite) and 95.1 ± 4.8 Ma (muscovite). In the Higo Belt, Miyanohara tonalite are ages of 
99.8 ± 3.1 Ma (biotite), 100.3 ± 3.8 Ma, 103.5 ± 1.0 Ma and 104.2 ± 1.1 Ma (hornblende). 
Shiraishino granodiorite give ages of 102.9 ± 3.1 Ma (biotite) and 105.1 ± 1.1 Ma (hornblende).
K-Ar ages of basement rocks from deep drill holes in the Hohi geothermal area and 
small outcrops at Kashinomure near the Aso caldera are also determined by Ministry of 
International Trade and Industry (1980b, 1982, 1983), Yamazaki et al. (1983), Sasada (1987). 
Granites from deep drill holes are ages of 90.1-98.3 Ma, 101 Ma (biotite) and 86.9-96.2 Ma 
(hornblende). Granites are ages of 80.7 ± 4.0 Ma (biotite) and tonalite are 108 Ma (biotite) 
from Kashinomure.
Osanai et al. (1993) report Rb-Sr whole rock isochron ages in central Kyushu. 
Kurotsusaki tonalite, Gyojyamisaki tonalite, their dark enclaves and aplitic granites in the 
Kunisaki Peninsula yields age of 142.2 ± 2.1 Ma and SrI of 0.7044. In addition, gneiss in the 
Kunisaki Peninsula yields age of 132.1 ± 12.0 Ma and SrI of 0.7096. Yamanaka granodiorite, 
Watada granite and Nioki granite in Asaji area yields ages of 164.0 ± 14.7 Ma, 101.6 ± 7.2 
Ma and 116.9 ± 7.3 Ma, and SrI of 0.7045, 0.7054 and 0.7052, respectively. Granites of 
Kusano area yields age of 100.6 ± 3.7 Ma and SrI of 0.7065. Granodiorite of Haki area yields 
age of 118.0 ± 11.3 Ma and SrI of 0.7056. Kikuchi granodiorite and Tsutugatake granite in 
Kikuchi area yields ages of 121.3 ± 8.4 Ma and 116.8 ± 12.7 Ma and SrI of 0.7054 and 0.7053, 
respectively. S-type tonalites from the Higo Belt yields age of 229.4 ± 26.3 Ma and SrI of 
0.7068. Kamei et al. (1997, 2000) also report Rb-Sr whole rock isochron ages from the Higo 
Belt. There are 121 ± 14 Ma for the Shiraishino granodiorite, and 101.8 ± 2.1 Ma and 107.3 ± 
5.4 Ma for the Miyanohara tonalite .
Kamei et al. (2000) present 110.1 ± 3.5 Ma, 182.7 ± 3.1 Ma and 210.8 ± 1.2 Ma as Sm-
Nd mineral (hornblende)-whole rock isochron age of the Miyanohara tonalite from the Higo 
Belt.
In the Kunisaki Peninsula, zircon ﬁssion-track (FT) ages are presented by Hoshizumi and 
Morishita (1993). There are 80.5 ± 7.4 Ma and 76.5 ± 3.8 Ma for Ushiyashiki granite.
Sakashima (2003) and Takagi et al. (2001) reports SHRIMP zircon U-Pb ages of some 
granites from middle Kyushu. Kashinomure granite give age of 75 ± 2 Ma. Yamanaka 
granodiorite in Asaji area give age of 107 ± 6 Ma. Usukigawa granodiorite distributed 
along the Usuki-Yatsushiro Tectonic Line give age of 292.0 ± 12.4 Ma. In the Higo Belt, 
10
Miyanohara tonalite give ages of 110.4 ± 4.1 Ma (northern part) and 111.4 ± 2.7 Ma (southern 
part) and Manzaka tonalite give age of 112.7 ± 4.9 Ma. On the other hand, hornblende gabbro 
in the Ryuhozan metamorphic rocks and garnet-biotite-cordierite paragneiss in the Higo 
metamorphic rocks gives ages of 107.7 ± 2.9 Ma and 116.5 ± 18.7 Ma, respectively.
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Chapter 3  Granitic clasts of the Mizukoshi Formation
3.1  Introduction
The Ryoke Belt (low-P/T) and Sanbagawa Belt (high-P/T) are known as paired 
metamorphic belt (Miyashiro, 1961). Although these belts underwent contrary type 
metamorphism, these paired metamorphic belts are juxtaposed to each other. Ichikawa (1964, 
1970) proposed 'missing Ryoke' Belt as a volcanic arc existed a southern extension of the 
Ryoke Belt overlying the Sanbagawa Belt. According to Takagi and Shibata (1996), the paleo-
Ryoke Belt is characterized by occurrence of allocthonous granitic and metamorphic bodies of 
Permian and Early Cretaceous age which are interleaved tectonically between the Ryoke and 
the Sanbagawa Belts. The constituents of this belt are (i) Permian granites showing low initial 
Sr isotope ratios (SrI) and associated hornfels, (ii) mid-Cretaceous granites (SrI = 0.705) and 
high-grade metamorphic rocks, (iii) Upper Cretaceous sediments. 
The Perminan granites in the Japanese Islands are distributed fragmentary several areas 
near the Sanbagawa-Mikabu unit and its adjacent area (Fig. 3-1): Kinshozan quartzdiorite 
(250-277 Ma: Ono, 1983, Takagi et al., 1989, Hayama et al., 1990) and the granitic clasts from 
the Atokura Formation in the northern marginal area of the Kanto Mountains (221-276 Ma: 
Takagi et al., 1992), Hyokoshi granite from the Todai Tectonic Zone in central Japan (204-252 
Ma: Shibata et al., 1993), Usukigawa quartzdiorite along the Usuki-Yatsushiro Tectonic 
Line in eastern Kyushu (252-275 Ma: Takagi et al., 1997). These Permian granites has been 
correlated with the granitic clasts in the Usuginu-type conglomerate in the South Kitakami 
Belt ("Usuginu granitic rocks") based on geochronological data and their low initial Sr isotope 
ratios (SrI). In other words, constituents of the South Kitakami Belt has been included in the 
paleo-Ryoke Belt overlying tectonically the Sanbagawa Belt. The Upper Permian Mizukoshi 
Formation which contains granitic clasts has been regarded as the Usuginu granitic rocks 
(Kano, 1967). These granitic clasts had been derived from the Yatsushiro granite in the 
Kurosegawa Tectonic Zone based on petrography and petrochemistry (Kano, 1967). On the 
contrary, It is revealed that the Usuginu granitic rocks in the South Kitakami Belt, and those 
from the Kurosegawa Tectonic Zone in Shikoku and Kyushu show Permian intrusive age 
(Shibata, 1973, Shimizu et al., 1998, Hada et al., 2000). 
The Higo Belt has long been regarded as a western extension of the Ryoke Belt 
(Yamamoto, 1962; Karakida et al., 1989). However, recent studies have revealed that the 
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Fig. 3-1.  Location map of the Permian granites in the Japanese Islands indicate K-Ar age and 
initial Sr isotope ratios (SrI). References: Shibata (1973), Shibata et al. (1979, 1993), Ono (1983), 
Takagi et al. (1989, 1992, 1997), Shibata and Takagi (1989), Hayama et al. (1990).
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constituent metamorphic rocks of the Higo Belt has different petrologic and geochronologic 
features from those of the Ryoke Belt. Recently, this belt is considered to be equivalent to 
the paleo-Ryoke or Kurosegawa Tectonic Belts (Hayama, 1991; Hara et al., 1992, Takagi and 
Shibata, 2000). 
In this chapter, I report new K-Ar age data and SrI for the granitic clasts from the 
Mizukoshi Formation and discuss the origin of these clasts.
3.2  Geology of the Mizukoshi Formation
The Mizukoshi Formation is distributed in a narrow zone at the northern part of the 
Higo Belt. This formation is bounded on the north by the Late Cretaceous Mifune Group 
with unconformity. On the south, it is fault contact with the Manotani metamorphic rocks 
(Fig. 3-2). The Mizukoshi Formation is divided into the lower member and the upper 
member (Yanagida, 1958). The lower member is composed of dark shale and alternation of 
fine sandstone and shale. The upper member is composed mainly of alternating shale and 
sandstone, and conglomerate, with small lenticular limestone. The base of the upper member 
is bluegray sandstone with 40-50 m thick. Matsumoto and Hujimoto (1939) reported Permian 
fusulinid from limestone in the lower member. From the upper member, early Permian 
brachiopods and radiolarian fossils were collected (Yanagida, 1963; Toyohara et al., 1993).
The conglomerate is intraformational in the upper member. It consists of three units. 
Matrix is fine gray sandstone and shale. Compositions of the clasts are granites, granitic 
porphyry, sandstone, mudstone, tuff and limestone. Clasts are 5-10 cm and infrequently up to 
30 cm in diameter. Roundness of clasts is commonly rounded to subrounded excepting that of 
limestone.
3.3  Petrography
The granitic clasts from the Mizukoshi Formation show medium- to fine-grained 
porphyritic texture (Fig. 3-3). It consists mainly of plagioclase, quartz, biotite and hornblende, 
with minor amounts of K-feldspar, zircon, apatite, epidote and opaque minerals. Chlorite, 
veined carbonate and sericite occur as secondary minerals. Plagioclase is euhedral and show 
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Fig. 3-2.  Geological map and cross section of the Mizukoshi Formation in the Higo Belt, western 
Kyushu indicating the dated sample localities. Location of this map is indicated in Fig. 2-2.
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zonal structure. K-feldspar often show graphic structure and partly perthite. Biotite altered to 
chlorite. The mineral composition of these clasts was examined with point counter by 2000 
counts (Table 3-1). The granitic clasts are tonalite, partly granodiorite in composition (Fig. 
3-4).
The magnetic susceptibility of the granitic clasts were measured with Kappameter (KT-5). 
The volumetric magnetic susceptibility range from 0.14 to 0.49 × 10-3 SI. According to 
Ishihara (1977, 1981), these clasts belongs to ilmenite-series granite.
Fig. 3-3.  Photographs of dated samples of the granitic clasts from the Mizukoshi Formation. 
Polished slabs of the sample MZG07 (a) and MZG12 (b). Photomicrographs of the sample 
MZG07 (c) and MZG12 (d). These clasts show porphyritic texture. Euhedral plagioclase have 
zonal structure. These reﬂect hypabyssal rock characteristics. Crossed polars. Pl: plagioclase, Bt: 
biotite, Hb: hornblende.
1 mm
Pl
Bt
1 mm
Hb
(a) (b)
(c) (d)
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Table 3-1.  Modal compositions of the granitic clasts from the Mizukoshi Formation.
17
Q
A P
Mafic
Q+A P
Granitic clasts from the Usuginu Cgl.
  (Kano, 1971)
Kinshozan quartz diorite
  (Takagi et al., 1989) 
Hyokoshi granite
  (Shibata et al., 1993)
Usukigawa quartz diorite
  (Takagi et al., 1997)
Granitic clasts from the Mizukoshi Fm.
B B
B B
BB
B
BB B
B
B
Fig. 3-4.  Modal Q-A-P and maﬁc-(Q+A)-P diagrams of the Permian granites. 
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3.4  Geochemistry
Compositions of major and trace elements have been determined with X-ray ﬂuorescence 
spectrometry (XRF: System 3070E; Rigaku) at Waseda University. Glass beads prepared by 
stirring Li2B4O7 and rock powder with a mixing ratio of 10:1 were used for major element 
analysis, and pressed rock powder was used for trace element analysis. Volatile composition 
was determined by gravimetric technique.
Whole rock chemical data are presented in Table 3-2. The granitic clasts from the 
Mizukoshi Formation characterized by low K2O contents (Fig. 3-5), similar to the Usuginu 
granitic rocks and Permian granitic rocks from the paleo-Ryoke Belt. Figure 3-6 shows that 
these clasts are volcanic arc granite (VAG).
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Table 3-2.  Whole rock chemical compositions of the 
dated granitic clasts from the Mizukoshi Formation.
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K2O
CaO Na2O
J
J
Granitic clasts from the Usuginu Cgl.
(Kano, 1971; Kobayashi et al., 2000)
Kinshozan quartz diorite
(Kobayashi et al., 2000; Takagi and Fujimori, 1989)
Usukigawa quartz diorite (Kobayashi et al., 2000)
B Granitic clasts from the Mizukoshi Fm.
B
B
Fig. 3-5.  K2O-CaO-Na2O diagram of the Permian granites. Broken line: trend of the mean value of 
the granitic rocks of Japan (Aramaki et al., 1972). Shaded area: Tanzawa-Niijima trend (Ishihara 
et al., 1976).
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Fig. 3-6.  Nb-Y and Rb-(Y+Nb) discriminant diagrams (Pearce et al., 1984) of the Permian 
granites. syn-COLG: syn-collision granite, VAG: volcanic arc granite, WPG: within plate 
granite, ORG: normal and anomalous ocean ridge granite. Reference*: Kobayashi et al. (2000).
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3.5  K-Ar age
Locality of the dated sample are shown in Fig. 3-2. Biotite was separated from the sample 
MZG07 by isodynamic separation, tapping and handpicking after arranging 100-145 mesh 
fraction. Hornblende was separated from the sample MZG12 which arranged 100-200 mesh 
fraction. After boiling with 6N-HCl, hornblende was separated using isodynamic separation 
and handpicking. K-Ar analyses were carried out at Teledyne Japan Inc.. The K-Ar ages were 
calculated using the decay constant, 40Arλβ= 4.962 × 10-10/a, λγ= 0.581 × 10-10/a, 40K/K 
= 1.167 × 10-2 atom% (Steiger and Jäger, 1977).
K-Ar biotite age is 155 ± 8 Ma, hornblende age is 260 ± 13 Ma (Table 3-3). Biotite age 
is younger than depositional age of this formation. Because of low potassium content in the 
analyzed biotite, this age make no sense. On the other hand, hornblende age corresponds 
well with the depositional age. The fact that the granitic clasts show hypabyssal rock texture 
suggests that hornblende age represent the timing of solidiﬁcation.
Sample No. Mineral Potassium Rad. Argon 40 Non Rad. Ar
(wt%) (10-5 scc / mg) (%)
0.24 0.148 67.8
0.24 0.153 65.7
0.28 0.307 88.4
0.28 0.303 85.2
MZG07 biotite ±
MZG12 hornblende ±
155 8
260 13
K-Ar age
(Ma)
Table 3-3.  K-Ar ages of the granitic clasts from the Mizukoshi Formation.
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3.6  Rb and Sr isotope chemistry
Initial Sr isotope ratios (SrI) for dated granitic clasts (MZG07, MZG12) were estimated. 
Sr isotope analyses were measured with mass spectrometer (SECTOR 54-30, VG ISOTECH) 
at Nagoya University. Measured 87Sr/86Sr ratios were corrected relative to 87Sr/86Sr = 0.710255 
± 0.000010 (1σ , n = 6) for NBS987. SrI were calculated by using Rb and Sr isotope ratios 
and K-Ar hornblende age, 260 Ma. 
The results are listed in Table 3-4. SrI is 0.70490 and 0.70496. SrI also calculated from 
the Rb and Sr isotopic ratios reported by Yanagi and Hamamoto (1977) and 260 Ma. SrI 
range from 0.7037 to 0.7055 with a few exceptions (Table 3-4). Yanagi and Hamamoto (1977) 
reported a Rb-Sr whole rock isochron age of 168 ± 28 Ma for the granitic clasts from the 
Kozaki, the Kuma and the Mizukoshi Formations. Because this age data have a large margin 
of error, it could not be considered as solidiﬁcation age.
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Table 3-4.  Rb-Sr analytical data and estimation of initial Sr isotope ratios on the basis of the 
hornblende age (260 Ma). The SrI data are also calculated from the Sr isotope data from Yanagi 
and Hamamoto (1977).
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3.7  Discussion
Based on K-Ar age and SrI, the granitic clasts from the Mizukoshi Formation are 
correlated with the Usuginu granitic rocks in the South Kitakami Belt. The Permian Kozaki 
and Kuma Formations are also considered as the Usuginu granitic rocks in Kyushu (Kano, 
1967). Shimizu et al. (1998) report Rb-Sr whole rock isochron age and SrI from the granitic 
clasts of the Kozaki Formation, 253 ± 48 Ma and 0.7055, respectively. According to Shimizu 
et al. (2000), several granitic clasts from the Kozaki Formation are not correlated with the 
granites of the Kurosegawa Tectonic Zone based on their compositions of major elements and 
REE. Additionally, Hada et al. (2000) presented U-Pb zircon age of 263.2 ± 4 Ma and 250.8 
± 9.1 Ma from the granitic clasts in the Permian Doi Formation of the Kurosegawa Tectonic 
Zone in Shikoku. Consequently, all Usuginu granitic rocks are very close in age.
I compare the granitic clasts from the Mizukoshi Formation with other Permian granites 
and the Usuginu granitic rocks based on petrography and geochemistry. The quoted data are as 
follows. Kinshozan quartzdiorite: Takagi and Fujimori (1989), Takagi et al. (1989), Kobayashi 
et al. (2000); Hyokoshi granite: Shibata et al. (1993); Usukigawa quartzdiorite: Takagi et al. 
(1997), Kobayashi et al. (2000); Usuginu granitic rocks: Kano (1971), Kobayashi et al. (2000).
The granitic clasts from the Mizukoshi Formation are similar in the modal composition 
to that of other Permian granites (Fig. 3-4). These granitic clasts show porphyritic texture. 
Euhedral plagioclase and K-feldspar show zonal structure and graphic structure, respectively. 
And clasts of granitic porphyry were also found from this conglomerate as well as granites. 
By the same token, granophyre and porphyritic granite were found as clasts of the Usuginu 
conglomerate (Kano, 1971). This means that the Permian granites including the Usuginu 
granitic rocks intruded at relatively shallower crustal level.
Figure 3-5 shows that the granitic clasts from the Mizukoshi Formation are low K2O 
contents. Ratios of K2O/Na2O, Rb/Sr and SrI are also low. These characteristics suggest that 
the granitic clasts are similar to M-type granite defined by White (1979) and to Tanzawa-
Niijima trend (Ishihara et al., 1976: Fig. 3-5). The other Permian granites also have the same 
characteristics. That is, the source rocks of the Permian granites and the Usuginu granitic 
rocks generated in an immature volcanic arc setting. The fact that these granites belong to 
volcanic arc granite (VAG; Fig. 3-6) supports this idea.
It is concluded that the granitic clasts from the Mizukoshi Formation can be correlated 
with other Permian granites including the Usuginu granitic rocks. These Permian granites 
were distributed as an immature volcanic arc in an extension of the South Kitakami Belt and 
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the Kurosegawa Tectonic Zone. Sakashima et al. (1995) reported the occurrence of chloritoid 
in the Ryuhozan metamorphic rocks on the southern part of the Higo Belt. In addition, the 
Higo metamorphic rocks in the Higo Belt are correlated with the mid-Cretaceous high-grade 
metamorphic rocks; Oshima metamorphic rocks in western Shikoku and Yorii metamorphic 
rocks in the Kanto Mountains (Takeda et al., 1993; Takagi and Shibata, 1996). Mid-Cretaceous 
high-grade metamorphic rocks are correlated with the Takanuki metamorphic rocks in the 
Abukuma Belt (Shibata and Takagi, 1989; Ono, 1990, 2002). Therefore, it is highly possible 
that the Ryuhozan metamorphic rocks and the Mizukoshi Formation are correlated with the 
Upper Paleozoic formations in the South Kitakami Belt, and the Higo metamorphic rocks and 
associated granitic rocks are correlated with the Takanuki metamorphic rocks in the Abukuma 
Belt. It is suggested that the Higo Belt is included in the paleo-Ryoke Belt and correlated with 
the South Kitakami and the Abukuma Belts.
25
Chapter 4  Cretaceous granites in middle Kyushu
4.1  Introduction
The Median Tectonic Line (MTL) is the most prominent geologic breaks in Southwest 
Japan. In Kyushu, the Usuki-Yatsushiro Tectonic Line (UYTL) has been regarded as a western 
extension of the MTL (Ichikawa, 1980). On the contrary, Takagi and Shibata (1996) proposed 
that the Oita-Kumamoto Tectonic Line (OKTL) is highly possible as a western extension 
of the MTL. Kamata (1992) also inferred that the MTL connects to the west to the OKTL 
in Kyushu based on activities of volcano-tectonic depression. According to discussion of 
preceding chapter, it is revealed that the Higo Belt is correlative not to the Ryoke Belt but to 
the paleo-Ryoke Belt. The UYTL has been regarded as a western extention of the MTL, which 
located at south of the Ryoke Belt, on the grounds that the Higo Belt was considered as a 
western extention of the Ryoke Belt. It is necessary to examine whether the OKTL is a western 
extention of the MTL. However, since the outcrop of the OKTL are covered by abundant 
Cenozoic volcanic rocks mainly from the Aso volcano, this tectonic line is intangible. And it 
is hard to clarify this problem. 
Cretaceous granites are widely exposed in middle Kyushu (Fig. 2-2). Takagi et al. 
(2001) pointed out that cooling ages (mainly K-Ar age) of granites in middle Kyushu show 
obvious contrast between north and south of the OKTL. On the north of the OKTL, granites 
distributed in the Kunisaki Peninsula, Hohi geothermal area and Kikuchi area give K-Ar ages 
of 70-100 Ma (see chapter 2.2). On the south, in contrast, granites of the Asaji area and Higo 
Belt give K-Ar ages of 95-110 Ma. In brief, cooling ages of granites on the north of the OKTL 
are younger than those on the south. On the other hand, Osanai et al. (1993) reported Rb-Sr 
whole rock isochron ages of granites, and all granites show 100 Ma and above. In general, 
Rb-Sr whole rock age show older than K-Ar mineral age (Shibata and Ishihara, 1979). The 
closure temperature of Rb-Sr system in whole rock are estimated to be about 700 °C (Nakajima 
et al., 1990). Therefore, Rb-Sr whole rock age indicate the timing of emplacement (Moorbath, 
1975). The Rb-Sr whole rock ages show that there is no contrast about solidification age 
between northern and southern areas bounded by the OKTL. However, Rb-Sr isochron method 
involves the risk of pseudoisochron, due to mixing of different closed system. In regard to 
granites in Kunisaki Peninsula, Osanai et al. (1993) calculated using four different bodies. It is 
not evident whether this age was yielded samples from single closed system.
26
The Sensitive High-Resolution Ion MicroProbe (SHRIMP) technique allows U-Pb age 
determination at a microscale (about < 30µm diameter areas) in a single zircon grain (Compston 
et al., 1984). The U-Pb system of zircon can provide reliable age information on the 
emplacement of granites, although the rocks underwent high-grade (mostly granulite facies) 
metamorphism and mylonitization after crystallization (Muir et al., 1994; Williams, 1998). 
The reason for this is the closure temperature for the U-Pb isotope system in zircon is inferred 
to be greater than 900 °C (Lee et al., 1997; Cherniak and Watson, 2000). Takagi et al. (2001) 
and Sakashima et al. (2003) reported several SHRIMP zircon U-Pb age data from Cretaceous 
granites in middle Kyushu mainly on the south of the OKTL. In this connection, it is expected 
to determine SHRIMP zircon U-Pb age of granites on the north of the OKTL.
In this chapter, SHRIMP zircon U-Pb ages of granites in the Kikuchi area and the 
Kunisaki Peninsula are presented. Based on these new geochronological data, I discuss 
possibility of the OKTL as a western extension of the MTL.
4.2  Geology and petrography
4.2.1  Kikuchi area
Kikuchi area is located at western Kyushu. Metamorphic and granitic rocks are 
distributed in this area (Fig. 4-1). These metamorphic rocks are regarded as the Sangun 
metamorphic rocks. Cretaceous granites in the Kikuchi area are divided into Tamana 
granodiorite, Kikuchi granite and Tsutsugatake granite (Karakida, 1992). The Tamana 
granodiorite intrudes the Sangun metamorphic rocks at low angle. The Kikuchi granite 
intrudes the Tamana granodiorite and is fault contact with the Sangun metamorphic rocks. 
Although the Tsutsugatake granite is surrounded by the Tamana granite, intrusive boundary 
between both cannot be determined. In the east of this area, the Tsutsugatake granite intrudes 
the Sangun metamorphic rocks as a stock. Rb-Sr whole rock ages of the Kikuchi granodiorite 
and the Tsutsugatake granite are 121.3 ± 8.4 Ma and 116.8 ± 12.7 Ma, respectively (Osanai et 
al., 1993). Each petrography is described below. Magnetic susceptibility was measured with 
Kappameter (KT-5).
Tamana granodiorite is coarse-grained and mainly consists of plagioclase, K-feldspar, 
quartz, hornblende and biotite, with minor amounts of zircon. Hornblende is euhedral and 
generally 1 cm long. Magnetic susceptibility of Tamana granodiorite range from 0.03 to 0.24 
× 10-3 SI.
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Fig. 4-1.  Geological map of the Kikuchi area, western Kyushu (Karakida, 1992). Location of this 
map is indicated in Fig. 2-2.
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Kikuchi granite is medium- to coarse-grained and consists mainly of K-feldspar, 
plagioclase, quartz, biotite and rarely hornblende with accessories of sphene, zircon 
and opaque minerals. On the north of the body, two mica granite is exposed. Magnetic 
susceptibility of Kikuchi granite is 0.17 × 10-3 SI.
Lithofacies of Tsutsugatake granite changes gradually to leucocratic granite bearing 
garnet toward the central body. Tsutsugatake granite is fine-grained and composed mainly 
of plagioclase, quartz, K-feldspar, biotite and muscovite with garnet, zircon, and opaque 
minerals. K-feldspar is characterized by myrmekite. Magnetic susceptibility of Tsutsugatake 
granite range from 0.06 to 0.08 × 10-3 SI.
4.2.2  Kunisaki Peninsula
In Kunisaki Peninsula, gneiss and granites are distributed at coastal and inland area. It 
has been considered that the granites in the Kunisaki Peninsula belong to the Ryoke Belt (e.g. 
Sasada, 1987). These granites are divided into three units; Kurotsusaki tonalite, Gyojyamisaki 
tonalite and Ushiyashiki granite (Fig. 4-2; Masao et al., 1990). The intrusive relation of each 
granites are unknown. Each petrography is described below. Magnetic susceptibility was 
measured with Kappameter (KT-5).
Granites exposed in Kurotsusaki are classified into several lithofacies. Foliated biotite 
tonalite, which is the main component of this area, and granodiorite and dark enclaves 
are exposed. Kurotsusaki tonalite are composed mainly of plagioclase, quartz, biotite and 
hornblende with minor amounts of K-feldspar, zircon and sphene. Granodiorite is mainly 
consists of plagioclase, quartz, K-feldspar, hornblende and biotite. Myrmekite occurs locally 
at the boundary between plagioclase and K-feldspar. Green hornblende and brown biotite are 
both fresh. Magnetic susceptibility of granites of Kurotsusaki range from 0.15 to 0.33 × 10-3 
SI, and partly 1.28 × 10-3 SI.
Gyojyamisaki tonalite is coarse-grained and relatively massive. This is composed mainly 
of plagioclase, quartz, biotite and hornblende with accessories of K-feldspar, zircon, apatite 
and opaque minerals. Magnetic susceptibility of Gyojyamisaki tonalite is 3.05 × 10-3 SI.
Ushiyashiki granite is fine- to medium-grained and massive. It is composed mainly of 
plagioclase, quartz, K-feldspar and biotite with accessories of zircon, apatite and opaque 
minerals.
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Fig. 4-2.  Geological map of the Kunisaki Peninsula, eastern Kyushu (modiﬁed after Matsumoto 
and Narishige, 1985). Location of this map is indicated in Fig. 2-2.
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4.3  SHRIMP zircon U-Pb age
4.3.1  Analytical methods
Zircon was separated from the crushed samples by flotation and handpicking. The 
separated zircons were mounted in epoxy resin and polished until the central part appeared. 
Then these were imaged by back-scattered electron (BSE). They were coated by gold (20-50 Å) 
to prevent electric charging from primary beam. Zircons were analysed with the SHRIMP II at 
Hiroshima University. The techniques for ion microprobe analysis of zircon are followed by 
Compston et al. (1984, 1992), Williams and Claesson (1987) and Sano et al. (2000).
Ratios of 238U/206Pb were nomalized to the standard zircon SL13. The amounts of 
common Pb were estimated by the two-stage evolution model (Stacey and Kramers, 1975). 
Ages were calculated using the constants recommended by the IUGS Subcommission on 
Geochronology (Steiger and Jäger, 1977).
4.3.2  Tamana granodiorite
The sample was collected from Ogusuno, eastern part of the Kikuchi area (Fig. 4-3 (a)). 
This is partly disintegrated granite sand caused by weathering.
Euhedral zircon grains of Tamana granodiorite are clear and show oscillatory zoning, 
*
Yahougatake  1:25,000
(a) (b)
Fig. 4-3.  (a) Sample locality of the dated Tamana granodiorite (Topograph map "Yahougatake"; 
Geographical Survey Institute). (b) Polished slab surface showing euhedral hornblende.
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which is a common feature in zircons from acid igneous rocks and believed to form during 
crystallization of zircons from magma (Pidgeon, 1992). Zircons are typically 180-470 µm 
long.
A total of 18 spots on 18 zircon grains were analyzed. The SHRIMP data for analysed 
zircons are given in Table 4-1 and plotted Tera-Wasserberg concordia diagram for the Tamana 
granodiorite (Fig. 4-5 (a)). Tamana granodiorite give age of 110.4 ± 3.3 Ma.
4.3.3  Kurotsusaki granodiorite
The granodiorite sample was collected from Kurotsusaki, coastal area of the Kunisaki 
Peninsula (Fig. 4-4 (a)). 
Zircons of Kurotsusaki granodiorite are euhedral and well preserved oscillatory zoning. 
Zircons are typically 185-345 µm long.
A total 14 spots on 13 zircon grains were analyzed. The SHRIMP data for analysed 
zircons are given in Table 4-1 and plotted Tera-Wasserberg concordia diagram for the 
Kurotsusaki granodiorite (Fig. 4-5 (b)). Kurotsusaki granodiorite give age of 113.4 ± 5.0 Ma.
Tsurukawa  1:25,000
*
(a) (b)
Fig. 4-4. (a) Sample locality of the dated Kurotsusaki granodiorite (Topograph map "Tsurukawa"; 
Geographical Survey Institute). (b) Polished slab surface showing foliated structure.
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U F-value
 (ppm)
������������������������
kuro01.1 186.57 0.0037 0.05269 ± 0.00149 55.91 ± 0.60 113.9 ± 1.3
kuro02.1 542.31 0.0028 0.05041 ± 0.00134 58.24 ± 1.87 109.4 ± 3.5
kuro04.1 406.15 0.0050 0.05156 ± 0.00102 56.72 ± 1.63 112.1 ± 3.2
kuro05.1 755.49 0.0004 0.04871 ± 0.00045 56.42 ± 1.07 113.2 ± 2.1
kuro06.1 678.84 0.0030 0.05092 ± 0.00055 57.45 ± 1.74 110.9 ± 3.3
kuro07.1 857.95 0.0060 0.05180 ± 0.00070 61.47 ± 1.56 103.4 ± 2.6
kuro08.1 242.12 0.0048 0.05058 ± 0.00116 53.36 ± 1.71 119.1 ± 3.8
kuro08.2 469.96 0.0035 0.05101 ± 0.00077 53.55 ± 0.74 118.9 ± 1.6
kuro09.1 800.81 0.0202 0.06766 ± 0.00281 51.14 ± 1.93 122.3 ± 4.6
kuro10.1 244.81 0.0056 0.05011 ± 0.00108 59.91 ± 2.89 106.1 ± 5.1
kuro10.2 145.98 0.0063 0.05295 ± 0.00199 56.19 ± 0.66 113.0 ± 1.4
kuro11.1 198.76 0.0027 0.05087 ± 0.00099 55.43 ± 0.61 115.0 ± 1.3
kuro13.1 279.43 0.0073 0.05565 ± 0.00143 55.11 ± 1.26 115.1 ± 2.6
kuro14.1 96.75 0.0015 0.05348 ± 0.00213 55.01 ± 0.82 116.0 ± 2.1
�������������������
kiku03.1 525.12 0.0019 0.04983 ± 0.00073 55.94 ± 1.37 114.0 ± 2.8
kiku05.1 246.41 0.0017 0.05000 ± 0.00081 57.03 ± 0.49 111.9 ± 1.0
kiku06.1 899.25 0.0000 0.04879 ± 0.00050 56.91 ± 1.40 112.3 ± 2.7
kiku08.1 428.57 0.0015 0.04966 ± 0.00096 57.95 ± 0.46 110.1 ± 0.9
kiku09.1 440.66 0.0002 0.04878 ± 0.00103 54.02 ± 3.00 118.2 ± 6.5
kiku09.2 438.41 0.0001 0.04896 ± 0.00129 55.71 ± 2.05 114.7 ± 4.2
kiku11.2 669.83 0.0005 0.04890 ± 0.00060 60.02 ± 0.89 106.5 ± 1.6
kiku13.1 692.02 0.0017 0.04911 ± 0.00058 57.73 ± 1.55 110.5 ± 2.9
kiku14.1 782.88 0.0016 0.04914 ± 0.00068 58.46 ± 0.65 109.2 ± 1.2
kiku15.1 438.62 0.0030 0.05102 ± 0.00088 57.62 ± 1.23 110.6 ± 2.4
kiku16.1 358.02 0.0027 0.05121 ± 0.00081 57.39 ± 1.77 111.1 ± 3.4
kiku17.1 235.87 0.0053 0.05335 ± 0.00165 59.89 ± 1.13 106.2 ± 2.0
kiku18.1 525.20 0.0001 0.04968 ± 0.00166 61.41 ± 2.02 104.1 ± 3.4
kiku19.1 475.39 0.0000 0.04791 ± 0.00059 58.25 ± 0.58 109.7 ± 1.1
kiku21.1 1063.40 0.0006 0.04878 ± 0.00055 59.31 ± 1.16 107.7 ± 2.1
kiku23.1 653.95 0.0015 0.04961 ± 0.00079 58.17 ± 2.46 109.7 ± 4.6
kiku24.1 2061.50 0.0000 0.04776 ± 0.00035 58.76 ± 0.63 108.8 ± 1.2
kiku25.1 962.46 0.0014 0.04900 ± 0.00050 57.35 ± 1.38 111.3 ± 2.7
Sample No.
 (Ma)
238U / 206Pb age207Pb / 206Pb 238U / 206Pb total
Table 4-1.  U-Pb analyses of zircons. The ion ratio (207Pb/206Pb) refer to uncorrected age for 
common Pb using 204Pb. F-value is deﬁned as 'common206Pb/total206Pb'.
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Fig. 4-5.  Tera and Wasserburg U-Pb zircon diagrams for (a) Tamana granodiorite in the Kikuchi 
area and (b) Kurotsusaki granodiorite in the Kunisaki Peninsula.
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4.4  Discussion
 The SHRIMP zircon U-Pb ages of granites in the Kikuchi area and the Kunisaki 
Peninsula are very close in age: 110.4 ± 3.3 Ma for Tamana granodiorite and 113.4 ± 5.0 Ma 
for Kurotsusaki granodiorite. In the Kikuchi area, this SHRIMP zircon U-Pb age is younger 
than the Rb-Sr whole rock ages of Kikuchi granite and Tsutsugatake granite. The Kikuchi 
granite intrudes Tamana granodiorite. This age is not in agreement with the intrusive relations 
of granites. In the Kunisaki Peninsula, SHRIMP zircon U-Pb age is younger than the Rb-Sr 
whole rock ages of granites and gneiss. This difference can be caused by difference in closure 
temperature for each closed system. It is difﬁcult to estimate a temperature when a whole rock 
system becomes closed as for Rb and Sr isotopes. Since the melting temperature of granitic 
magma is estimated to be 650-700 °C when the magma is saturated with water, it is reasonable 
to suppose the closure temperature for Rb-Sr whole rock system to be about 650-700 °C 
(Nakajima et al., 1990). At least, since the SHRIMP zircon U-Pb age for the Kurotsusaki 
granodiorite is yielded from single pluton, this age have more precise information about the 
timing of emplacement.
Previously reported SHRIMP U-Pb ages are 75 Ma for Kashinomure granite, 107 Ma for 
Yamanaka granodiorite, 110 and 111 Ma for Miyanohara tonalite and 113 Ma for Manzaka 
tonalite (Takagi et al., 2001; Sakashima et al., 2003). Additionally, Nioki granite in the Asaji 
area give SHRIMP zircon U-Pb age as 134.7 ± 1.4 Ma (Fig. 4-6; Fujii et al., unpublished 
data). As to the solidiﬁcation age, without ages for the Nioki granite and Kashinomure granite, 
igneous activities of the granitic rocks in middle Kyushu were concentrated at about 110 
Ma. According to the Rb-Sr whole rock isochron method, the age of igneous activities of the 
granitic rocks in north and central Kyushu has been interpreted from 122 to 88 Ma (Osanai 
et al., 1993; Kamei et al., 1997; Owada et al., 1999). The activity of the granites started from 
central part around 120-115 Ma, and migrated to the northern part around 116-90 Ma (Owada 
et al., 1999). The age of 110 Ma is also agree with ages for metamorphic rocks in the Kunisaki 
Peninsula and the Higo Belt. In the Higo Belt, the SHRIMP zircon U-Pb datind for the 
Ryuhozan metamorphic rocks and the Higo metamorphic rocks indicates 107.7 ± 2.9 Ma and 
116.5 ± 18.7 Ma, respectively (Sakashima et al., 2003). Suzuki et al. (1999) reported 118-126 
Ma as CHIME monazite ages from the Higo metamorphic rocks. Consequently, most of 
solidiﬁcation and metamorphosed ages suggests that the igneous activities in middle Kyushu 
are dated at about 110 Ma.
This view has the consequence that there is no significant difference between ages of 
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granites distributed on the north and south of the OKTL. On the other hand, gravity anomaly 
gap illustrated in the high-resolution gravity anomaly map in Kyushu (Gravity Research 
Group in Southwest Japan, 2001) indicates that the MTL connect to the OKTL (outlined in 
chapter 5). It is not enough to conclude that the OKTL is not a western extension of the MTL.
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Fig. 4-6.  Tera and Wasserburg U-Pb zircon diagram for the Nioki granite in the Asaji area (Fujii et 
al., unpublished data). SHRIMP zircon U-Pb age for the Nioki granite is 134.7 ± 1.4 Ma.
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Chapter 5  Accidental clasts of granitic mylonite in the Aso-4
pyroclastic deposit
5.1  Introduction
Based on solidification age data of Cretaceous granites, it is revealed that there is no 
contrast of ages for the granitic rocks between north and south of the OKTL (chapter 4). 
However, there is no reason to think that the OKTL is not regarded as a western extension of 
the MTL. Thick pile of pyroclastic ﬂow deposit mainly derived from the Aso volcano makes it 
difﬁcult to clarify this matter. 
Aso volcano, located in central Kyushu, is one of the most active volcanoes in Japan. 
Four times of large-scale eruption of pyroclastic flows, Aso-1 to Aso-4 in the older of 
time sequence, caused a large caldera measuring 25 × 18 km (Ono and Watanabe, 1985). 
Pyroclastic flows covered wide areas in central to northern Kyushu and even in Amakusa 
Islands and western Chugoku across the sea. Clasts of granitic mylonite are found as 
accidental clasts from the Aso-4 pyroclastic ﬂow deposit (Ono, 1965; Sasada, 1987). These 
accidental clasts bring some information of subsurface geology beneath the Aso volcano. 
Granitic mylonite are known as the Nioki granite in the Asaji area, east of the Aso caldera 
(Ono, 1963). Sasada (1987) pointed out the possibility that mylonite zone of the Nioki granite 
continues toward the Aso volcano.
The CHIME (chemical Th-U-total Pb isochron method) monazite age provides reliable 
age information on the emplacement of granites, because the closure temperature for Pb in 
monazite of 700 °C (e.g. Suzuki et al., 1994) is close to the temperature for crystallization of 
granites.
In this chapter, I report new geochronological data of the Aso accidental clast of granitic 
mylonite and the Nioki granites in the Asaji area, and examine the origin of the accidental 
clasts of granitic mylonite in the Aso-4 pyroclastic deposit.
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5.2  Geology and petrography
5.2.1  Asaji area
The Asaji metamorphic and associated granitic rocks are exposed in a narrow zone of 
the Asaji area, eastern Kyushu (Fig. 5-1). These are fault-bounded or in part unconformably 
overlain by the Upper Cretaceous Onogawa Group (Matsumoto, 1936). Asaji metamorphic 
rocks are characterized by contact metamorphism by associated granitic rocks and are known 
as forming nappe structure; Cyokai unit, ultramafic rocks and Hikata unit in tectonically 
ascending order (Teraoka et al., 1992). These were polymetamorphosed by intrusion of 
Cretaceous granites. The granitic rocks are divided into four units; Kinegaharu diorite, 
Yamanaka granodiorite, Watada granodiorite and Nioki granite (Ono, 1963; Teraoka et al., 
1993). The Yamanaka granodiorite is exposed in northwestern part of this area. Intrusive 
relation between the Yamanaka granodiorite and the Nioki granite are unknown because of the 
overlying the pyroclastic ﬂow deposit. The Watada granodiorite is exposed in several areas 
as a stock. The Watada granodiorite intrudes the Kinegaharu diorite. Nioki granite is locally 
underwent mylonitization. A mylonite zone in the Nioki granite along the contact with the 
Yamanaka granodiorite is exposed parallel to the MTL, which is inferred to lie beneath the 
Onogawa Group (Karakida and Yamamoto, 1982). Each petrography is described below. The 
mineral compositions of these granites are examined with point counter by 2000 counts (Table 
5-1). Magnetic susceptibility is measured with Kappameter (KT-5).
Yamanaka granodiorite is composed mainly of plagioclase, quartz, K-feldspar, biotite and 
hornblende. Zircon and apatite are accessory phases. Secondary minerals are rarely chrolite 
and sericite. Euhedral plagioclase often shows zonal structure. Anhedral quartz shows wavy 
extinction and sutured structure. Anhedral K-feldspar shows perthite. Myrmekite occurs 
locally at the boundary between plagioclase and K-feldspar. Magnetic susceptibility is 4.45 × 
10-3 SI.
Watada granodiorite is coarse-grained, and mainly consists of plagioclase, K-feldspar, 
quartz and biotite with minor amounts of zircon, apatite and rarely opaque minerals. Subhedral 
plagioclase often shows zonal structure and albite twin. K-feldspar shows perthite and partly 
myrmekite. Quartz shows sutured structure and wavy extinction. Biotite is partly altered to 
chlorite. Magnetic susceptibility range from 0.10 to 0.14 × 10-3 SI.
Nioki granite has a lithological variety. It is composed mainly of quartz, plagioclase, 
K-feldspar, muscovite and biotite. Garnet, zircon, monazite and opaque minerals are accessory 
phases. Secondary minerals are sericite and chlorite. Most of the plagioclase is sericitized. 
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Fig. 5-1.  Geological map of the Asaji area (Karakida and Yamamoto, 1982). Location of this map 
is indicated in Fig. 2-2.
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K-feldspar shows perthite and myrmekite. Quartz partly shows wavy extinction. Magnetic 
susceptibility range from 0.06 to 0.10 × 10-3 SI.
5.2.2  Aso accidental clasts
Clasts of granitic mylonite were found as accidental clasts in the Aso-4 pyroclastic ﬂow 
deposit around Ogashiwa, northern side of the outer rim of the Aso caldera (Fig. 5-2 (a)). 
Aso-4 pyroclastic ﬂow overlies pumice ﬂow. Compositions of accidental clasts are gabbro, 
diorite, serpentinite, amphibolite and granites. Granites form comparatively small proportion 
of the total number. Clasts of granitic mylonitic are pebble- to cobble-size and have sub-
angular roundness. The maximum granitic clast is about 10 cm in diameter. Sasada (1987) 
determined 5.9 ± 4.5 Ma (hornblende) as K-Ar age for clast of granodioritic mylonite. This 
age is older than obsidian ﬁssion track age from the Aso-4 pyroclastic ﬂow of 0.029 ± 0.014 
Ma (Okaguchi, 1978). This suggests that this clast has undergone a regional thermal effect by 
Aso-4 pyroclastic ﬂow, and this age has been reset by the thermal effect.
The granitic mylonitie of the Aso accidental clasts are corse-grained and mainly consists 
of K-feldspar, quartz, plagioclase, biotite and muscovite with minor amounts of garnet, zircon, 
apatite and opaque minerals. K-feldspar porphyroclasts are characterized by perthite. Quartz 
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Table 5-1.  Modal compositions of granites in the Asaji area and the Aso accidental clast of granitic 
mylonite.
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*
0.5 mm
Ms
0.5 mm
Gnt
(b) (c)
(d) (e)
(a)
Fig. 5-2.  (a) Sample locality (*) of the dated accidental clast of granitic mylonite in the Aso-4 
pyroclastic flow deposit. Encircled areas indicates sample locality of the analysed accidental 
clasts. (Research group for the geological map of Hohi Geothermal Area, 1982). (b) Collected 
accidental clasts of granitic mylonite from Ogashiwa. (c) Polished slab of the Aso accidental 
clast of granitic mylonite. (d, e) Photomicrographs showing muscovite (Ms) and garnet (Gnt). 
Uncrossed polars (d). Crossed polars (e).
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Q
A P
M
Q+A P
Yamanaka granodiorite
Watada granodiorite
Nioki granite
Granitic mylonite of
   the Aso accidental clasts
Fig. 5-3.  Modal Q-A-P and maﬁc-(Q+A)-P diagrams of the granites in the Asaji area and the Aso 
accidental clasts of granitic mylonite.
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is weakly recrystallized. Plagioclase porphyroclasts are partly altered to sericite. Muscovite 
forms mica fish. Most of the biotite is altered to chlorite. The mineral composition of this 
clast are examined with point counter by 2000 counts (Table 5-1). This clast is classiﬁed into 
adamellite (Fig. 5-3).
5.3  Geochemistry
Major and trace element analyses of granites of the Asaji area and the granitic mylonite 
clasts of the Aso accidental clasts were determined by XRF at Waseda University. The 
methods of analysis is described in chapter 3.
The major and trace element data are listed in Table 5-2. The granitic mylonite clasts 
are low Ti2O and CaO, and high Na2O and K2O contents (Fig. 5-4). These characteristics 
are similar to those of the Nioki granite. Variation diagrams of major elements show that the 
accidental clasts of granitic mylonite and the Nioki granite has different trend from those of 
other granites in the Asaji area (Fig. 5-5).
K2O
CaO Na2O
Yamanaka granodiorite
Watada granodiorite
Nioki granite
Kinegaharu diorite
Granitic mylonite of
  the Aso accidental clasts
Fig. 5-4.  K2O-CaO-Na2O diagram of the granites in the Asaji area and the Aso accidental clasts 
of granitic mylonite. Data of outline symbols on a colored background are from Karakida and 
Yamamoto (1982) and Sasada (1987).
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Yamanaka granodiorite
Watada granodiorite
Nioki granite
Kinegaharu diorite
Granitic mylonite of
  the Aso accidental clasts
Fig. 5-5.  Variation diagrams of major elements (wt%) for the granites in the Asaji area and the Aso 
accidental clasts of granitic mylonite. Data of outline symbols on a colored background are from 
Karakida and Yamamoto (1982) and Sasada (1987).
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5.4  Geochronology
5.4.1  K-Ar age
Nioki granite
Muscovite was separated from the sample 051023-1. K-Ar analyses were carried out at 
Hiruzen Institute for Geology and Chronology. The K-Ar ages were calculated using the decay 
constant, 40Arλβ= 4.962 × 10-10/a, λγ= 0.581 × 10-10/a, 40K/K = 1.167 × 10-2 atom% (Steiger 
and Jäger, 1977).
K-Ar muscovite age is 99.2 ± 2.2 Ma and 98.4 ± 2.1 Ma (Table 5-3).
The Aso accidental clasts of granitic mylonite 
Muscovite was separated from the biggest accidental clast of granitic mylonite at the 
Ogashiwa area. After arranging 60-100 mesh fraction, they were separated using isodynamic 
separation, heavy liquid, tapping and handpicking. K-Ar analyses were carried out at Hiruzen 
Institute for Geology and Chronology. The K-Ar ages were calculated using the decay 
constant, 40Arλβ= 4.962 × 10-10/a, λγ= 0.581 × 10-10/a, 40K/K = 1.167 × 10-2 atom% (Steiger 
and Jäger, 1977).
K-Ar muscovite age is 98.2 ± 2.1 Ma and 98.6 ± 2.1 Ma (Table 5-3). Although the Aso 
accidental clasts were included in pyroclastic flow, spontaneous fission tracks (FT) were 
observed in zircons separated from the same clast. The analysis of FT can provide useful 
information about the thermal history of the rock. According to Murakami et al. (2006), 
FTs were almost completely annealed at 900 °C for 4 sec. In other words, this clasts have 
experienced heating below 400-500 °C. The closure temperature for K-Ar system in muscovite 
is estimated to be 350 ± 50 °C (Purdy and Jäger, 1976; Wagner et al., 1977). Consequently, 
this age can be considered as cooling age. In addition, these ages and K-Ar muscovite ages for 
the Nioki granite are consistent within analytical errors.
Rock Name Sample No. Mineral Potassium Rad. Argon 40 K-Ar age Non Rad. Ar
(wt%) (10-8 cc STP / g) (Ma) (%)
3400 ± 34 99.2 ± 2.2 5.4
3370 ± 33 98.4 ± 2.1 5.1
3179 ± 31 98.2 ± 2.1 2.0
3193 ± 31 98.6 ± 2.1 2.0
Aso accidental
clasts
Nioki Gr.
8.120 ± 0.162Ogashiwa1 muscovite
051023-1 muscovite 8.589 ± 0.172
Table 5-3.  K-Ar ages of the Nioki granite and the Aso accidental clast of granitic mylonite.
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5.4.2  CHIME monazite age
Monazite were concentrated from the Nioki granite (60-100 mesh) using isodynamic 
separation and heavy liquid. Monazite grains were mounted on a glass slide with epoxy region 
and polished with diamond paste until the central part appeared. These were analysed on a 
JEOL microprobe analyzer equipped with four wavelength-dispersive type spectrometers at 
Nagoya University.
The monazite ages were calculated using the chemical Th-U-total Pb isochron method 
(CHIME). The details of CHIME have been reported (Suzuki and Adachi, 1991, 1994; Suzuki 
et al., 1992, 1994; Adachi and Suzuki, 1992).
A total of 35 spots on 4 monazite grains were analysed. The CHIME age is given 105.6 ± 
4.2 Ma (MSWD = 0.53). This age is younger than the SHRIMP zircon U-Pb age of 134.7 ± 1.4 
Ma (see chapter 4.4).
5.5  Discussion
The Aso accidental clasts of granitic mylonite has closely similar mineral assemblages 
to mylonitized Nioki granite. Both are leucoclatic granite and characterized by coexistence of 
muscovite and garnet.
Figure 5-4 shows the Aso accidental clasts of granitic mylonite and the Nioki granite 
are plotted same field. And both are characterized by high K2O contents. The rocks of the 
Kinegaharu diorite, Yamanaka granodiorite and Watada granodiorite indicate good chemical 
trends from mafic to felsic on the variation diagrams (Fig. 5-5). On the other hand, the 
chemical trend of the Nioki granite and the Aso accidental clasts of granitic mylonite is 
different from that of other granites in the Asaji area except diagrams of SiO2 vs. Al2O3 and 
SiO2 vs. P2O5. If a suite is solidified by a fractional crystallization, chemical composition 
of the suite expects to be continuous line on a variation diagram (e.g., LeBel et al., 1985; 
Petersen, 1980). On the contrary, aluminum (Al), manganese (Mn) and phosphorous (P) are 
known as immobility element. This implies that the chemical trend of the Nioki granite and 
the Aso accidental clasts of granitic mylonite are same as that of the other granites in the Asaji 
area. 
The K-Ar dating for muscovite from the Aso accidental clasts of granitic mylonite 
indicate 98.2 ± 2.1 Ma and 98.6 ± 2.1 Ma. These ages are consistent with the K-Ar muscovite 
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ages of 99.2 ± 2.2 Ma and 98.4 ± 2.1 Ma for the Nioki granite. Both K-Ar muscovite ages are 
completely consistent. On the other hand, CHIME monazite age from Nioki granite are given 
as 105.6 ± 4.2 Ma. The closure temperature for each closed system are 350 °C and 700 °C, 
respectively (Purdy and Jäger, 1976; Wagner et al., 1977; Suzuki et al., 1994). For cooling rate 
of 50 °C/Ma, these ages are consistent. Osanai et al. (1993) reported 117 Ma as Rb-Sr whole 
rock age from Nioki granite. Additionally, Nioki granite also gave SHRIMP zircon U-Pb age 
as 134.7 ± 1.4 Ma (Fujii et al., unpublished data). These age data are relatively agreement with 
K-Ar age of the Nioki granite.
Based on petrology, geochemistry and geochronology, the granitic mylonitie of Aso 
accidental clasts can be correlated with the mylonitized Nioki granite in the Asaji area. This 
fact bears out hypothesis that mylonite zone of the Nioki granite continue toward the Aso 
volcano by Sasada (1987). And this mylonite zone lies on the strong gravity anomaly gap 
illustrated in the high-resolution gravity anomaly map in Kyushu (Fig. 5-6: Gravity Research 
Group in Southwest Japan, 2001). This strong gravity anomaly gap is also overlap the OKTL. 
Accordingly, the OKTL is a signiﬁcant tectonic line and highly possible a western extension 
of the MTL.
Fig. 5-6.  Map of the high-resolution gravity anomaly in Kyushu (after Gravity Research Group in 
Southwest Japan, 2001).
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Chapter 6  Discussion
6.1  Igneous activity in middle Kyushu
6.1.1  Timing of igneous activity of granites in middle Kyushu
In this study, several new geochronological data are determined. K-Ar hornblende age 
of the granitic clasts from the Permian Mizukoshi Formation in the Higo Belt is 260 ± 13 
Ma. As to the SHRIMP zircon U-Pb age, it is revealed that the Tamana granodiorite and the 
Kurotsusaki granodiorite give ages of 110.4 ± 3.3 Ma and 113.4 ± 5.0 Ma, respectively. In 
the Asaji area, Nioki granite yields K-Ar muscovite ages of 99.2 ± 2.2 Ma and 98.4 ± 2.1 Ma 
and CHIME monazite age of 134.7 ± 1.4 Ma. And the accidental clasts of granitic mylonite in 
the Aso-4 pyroclastic ﬂow, which is correlated with the Nioki granite, give K-Ar muscovite 
ages of 98.2 ± 2.1 Ma and 98.6 ± 2.1 Ma. Igneous activity of each geological period will be 
discussed below. 
It is revealed that the granitic clasts of the Mizukoshi Formation show Permian age. In 
middle Kyushu, the Permian granites were reported as the Usukigawa granodiorite along 
the UYTL (K-Ar age: 252-275 Ma, SHRIMP zircon U-Pb age: 292.0 ± 12.4 Ma; Takagi 
et al., 1997; Sakashima et al., 2003). According to discussion in chapter 3, these Permian 
granites generated in an immature volcanic setting. In Permian period, igneous activity 
occurred at immature volcanic arc distributed in continental margin. The occurrence of the 
Permian granitic clasts in the Higo Belt indicates that the Higo Belt is not western extension 
of the Ryoke Belt, but constitutes the paleo-Ryoke Belt and the Kurosegawa Tectonic Zone. 
Therefore, this immature volcanic arc formed the paleo-Ryoke Belt and the Kurosegawa 
Tectonic Zone which extends to the South Kitakami Belt. 
The cooling age of Cretaceous granites, widely exposed in middle Kyushu, was 
determined by many authors (e.g. Kawano and Ueda, 1966; Sasada, 1987; Nakajima et 
al., 1995). Recently several solidification ages (mainly of SHRIMP zircon U-Pb age) were 
determined (Takagi et al., 2001; Sakashima et al., 2003). According to previous study, 107 ± 
6 Ma for the Yamanaka granodiorite in the Asaji area, 110.4 ± 4.1 Ma and 111.4 ± 2.7 Ma for 
the Miyanohara tonalite, 112.7 ± 4.9 Ma for the Manzaka tonalite in the Higo Belt, 75 ± 2 Ma 
for the Kashinomure granite are reported. Although the Kashinomure granite shows younger 
age than the other Cretaceous granites, these zircon ages including this study are consistent 
with each other within error range. The Kashinomure granite, exposed in isolated small 
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body, has been weathered. Although zircon crystal is resistant to weather, it needs to examine 
this age. Based on SHRIMP zircon U-Pb age, therefore, the Cretaceous igneous activity of 
granites in middle Kyushu were concentrated at about 110 Ma. This is supported by Rb-Sr 
whole rock isochron ages (Owada et al., 1999). The age of 110 Ma is also agree with ages for 
metamorphic rocks in the Kunisaki Peninsula and the Higo Belt. In the Kunisaki Peninsula, 
Osanai et al. (1993) reported 132.1 ± 12.0 Ma as Rb-Sr whole rock isochron age. In the Higo 
Belt, the SHRIMP zircon U-Pb ages of 107.7 ± 2.9 Ma and 116.5 ± 18.7 Ma for the Ryuhozan 
metamorphic rocks and the Higo metamorphic rocks, respectively (Sakashima et al., 2003). 
Suzuki et al. (1999) reported 118-126 Ma as CHIME monazite age for the Higo metamorphic 
rocks. In middle Kyushu, in fact, Cretaceous plutonometamorphism occurred at 110 Ma. On 
the contrary, K-Ar ages of granites are younger toward the north, from 100 Ma to 70-95 Ma. 
If these K-Ar ages are not reset by the later thermal effect, the difference in K-Ar ages from 
north to south implies difference in cooling rates of granites from south to north. The closure 
temperature for the U-Pb isotope system in zircon is estimated to be 900 °C (Lee et al., 1997; 
Cherniak and Watson, 2000), and K-Ar system in biotite and muscovite is about 350 °C (Purdy 
and Jäger, 1976; Wagner et al., 1977; Harrison et al., 1985). If this is the case, the cooling 
rates are roughly estimated at 110 °C/Ma in southern area and 20 °C/Ma in northern area, 
respectively. According to Owada et al. (1999), the activity of the granites in Kyushu migrated 
toward north. This magma migration is explained by change for the subduction system due 
to trench-ridge collision at Cretaceous period (Owada et al., 1999). In Early Cretaceous time, 
the Kula-Paciﬁc ridge migrated toward the Southwest Japan Arc (Uyeda and Miyashiro, 1974; 
Kinoshita and Ito, 1986; Nakajima et al., 1990; Kinoshita, 1995; Maruyama et al., 1997). The 
difference in the cooling rates of granites might be also explained by this ridge collision.
Based on above discussions, igneous activity of middle Kyushu can be summarized 
simply as follows:
(a) Late Permian period (260-290 Ma): Granites generated in an immature volcanic arc 
are distributed as paleo-Ryoke Belt. This belt extended to the South Kitakami Belt with the 
Kurosegawa Tectonic Zone.
(b) Cretaceous period (110 Ma): Contemporaneous plutonometamorphism occurred 
widely. These Cretaceous granites show difference in cooling rates on the northern and the 
southern area bounded by the OKTL.
6.1.2  Attribution of the granites in the Kunisaki Peninsula
It has been considered that the granites in the Kunisaki Peninsula belongs to the Ryoke 
Belt based on their petrological characteristics and cooling age (e.g. Sasada, 1987). In this 
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study, Kurotsusaki granodiorite in the Kunisaki Peninsula gave SHRIMP zircon U-Pb age 
of 113.4 ± 5.0 Ma. According to Suzuki and Adachi (1998), it is revealed that the CHIME 
monazite age of the Ryoke granite ranges 95-68 Ma in the eastern part and 95-85 Ma in the 
western part. The closure temperature for the U-Pb isotope system in zircon and for Pb in 
monazite are 900 °C and 700 °C, respectively (Lee et al., 1997; Cherniak and Watson, 2000; 
Suzuki et al., 1994). Considering these closure temperature, this zircon age is older than the 
CHIME monazite age of the Ryoke granites. In light of geochronological data, the granites in 
the Kunisaki Peninsula have different characteristics in the Ryoke granites. On the contrary, 
Nakajima et al. (1993) reported SHRIMP zircon U-Pb age for the Ryoke granites in Chugoku 
and central Japan. These ages are 101.0 ± 1.9 Ma and 86.1 ± 1.4 Ma. The SHRIMP zircon 
U-Pb ages of the Ryoke granites apparently become younger toward east. And the SHRIMP 
zircon U-Pb age of the Kurotsusaki granodiorite can be plotted on this trend. That is, it is 
not clear whether the granites in the Kunisaki Peninsula belongs to the Ryoke Belt. Thus, it 
is necessary to determine further SHRIMP zircon U-Pb age of the granites in the Kunisaki 
Peninsula and the Ryoke granites. This matter also require ample studies of the basement 
rocks in the Hohi geothermal area.
6.1.3  Comparison with igneous activity in main island of Japan
In main island of Japan, the plutonometamorphism started at 95 Ma (Suzuki and Adachi, 
1998). This age is younger than the age of igneous activity in middle Kyushu. It is reasonable 
to suppose that the timing of igneous activity for granites in Kyushu is older than that in main 
island of Japan. The granites in middle Kyushu are not accompanied with volcanic rocks. 
Therefore, it might be suggested that the granites in middle Kyushu intrudes in deeper crustal 
level than that in main island of Japan. The difference in timing of igneous activity seems to 
be due to the difference in geotectonic evolution between Kyushu and Southwest Japan (main 
island of Japan). In Kyushu, therefore, it might needs to construct unique geotectonic history.
I would like to focus attention on the age variation of the Ryoke granites. It is noted that 
the cooling ages of the Cretaceous granites in Southwest Japan become younger eastward 
along the trend of the arc (Kawano and Ueda, 1967; Teraoka, 1977; Shibata et al., 1978). 
Suzuki and Adachi (1998) revealed that the geologically oldest plutons in the eastern and 
western parts of the Ryoke Belt are both dated at 95 Ma. This suggests that the starting age of 
plutonism of the Ryoke granites is contemporaneous in whole area of main island of Japan. 
However, this study reveals that the timing of plutonometamorphism in middle Kyushu is 
older than that in main island of Japan. If the granites in the Kunisaki Peninsula belongs to 
the Ryoke Belt, solidiﬁcation age also show variation of the eastward younging. In the Kanto 
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Mountains, Namee granites is known as the easternmost Ryoke granites. Tsukuba granites 
is also regarded as the Ryoke granite. To examine this matter, it is expected to determine the 
solidiﬁcation age of these easternmost Ryoke granite.
6.2  Western extension of the MTL
Two possibilities, the Usuki-Yatsushiro Tectonic Line (UYTL) and the Oita-Kumamoto 
Tectonic Line (OKTL), for a western extension of the MTL has been proposed (e.g. Ichikawa, 
1980; Takagi and Shibata, 1996; Kamata, 1992). In this study, it is revealed that the Ryoke 
Belt extends not to the Higo Belt but at least to the granites in Kunisaki Peninsula. This 
suggests that there is no evidence to support the UYTL which located at south of the Higo 
Belt as a western extension of the MTL. On the other hand, because of abundant Cenozoic 
volcanic rocks mainly from the Aso volcano, the OKTL is intangible. Although Kamata (1992) 
examine activities of volcano-tectonic depression, it is hard to clarify this problem through a 
approach from fault kinematics of the OKTL.
The cooling ages of granites between north and south of the OKTL show obvious 
contrast. As to the solidiﬁcation ages of the granites in middle Kyushu, on the contrary, there 
is no contrast between the northern and southern area bounded by the OKTL.
As to the information of subsurface geology beneath the Aso volcano, the Aso accidental 
clasts granitic mylonite reveal that the mylonite zone of the Nioki granite continue toward the 
Aso volcano. Because this mylonite zone lies on the strong gravity anomaly gap, the OKTL is 
no longer intangible. This fact is also supported by the contrast of cooling age for the granites. 
To clarify this matter, a key point is attribution of the granites in the Asaji area.
According to discussion mentioned above, the OKTL hold out the possibility of a western 
extension of the MTL. In this study, I could not show clear evidence suggesting that the OKTL 
is a western extension of the MTL. However, since it is revealed that the Higo Belt is included 
in the paleo-Ryoke Belt, the UYTL which situated at south of the Higo Belt is not regarded as 
a western extension of the MTL.
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Chapter 7  Conclusions
1. The K-Ar hornblende age of the granitic clasts of the Upper Permian Mizukoshi Formation 
in the Higo Belt is 260 ± 13 Ma and initial Sr isotopic ratios (SrI) are calculated as 0.7049 
and 0.7050. Based on petrography, geochemistry, K-Ar age and SrI, these clasts are 
correlated with the other Permian granites in the Japanese Islands including the granitic 
clasts in the Usuginu conglomerate in the South Kitakami Belt. This suggests that the Higo 
Belt is included in the paleo-Ryoke Belt.
2. The SHRIMP zircon U-Pb ages are determined for the Cretaceous granites distributed 
in middle Kyushu. Tamana granodiorite in Kikuchi area give age of 113.4 ± 5.0 Ma. 
Kurotsusaki granodiorite in the Kunisaki Peninsula which belongs to the Ryoke Belt give 
age of 113.4 ± 5.0 Ma. The zircon ages for the granites in middle Kyushu are concentrated 
at 110 Ma.
3. The accidental clasts of granitic mylonite in the Aso-4 pyroclastic flow deposit are 
correlated with the mylonitized Nioki granite. The granitic mylonite clasts give 98.2 ± 2.1 
Ma and 98.6 ± 2.1 Ma as K-Ar muscovite age. And the Nioki granite give K-Ar muscovite 
ages of 99.2 ± 2.2 Ma and 98.4 ± 2.1 Ma and CHIME monazite age of 105.6 ± 4.2 Ma. 
This suggests that the mylonite zone of the Nioki granite continue toward the Aso volcano.
4. In Permian period, igneous activity occurred at immature volcanic arc distributed in the 
active continental margin of the South East Asia. This immature volcanic arc formed the 
paleo-Ryoke Belt which extends to the South Kitakami Belt. The Cretaceous igneous 
activity of granites in middle Kyushu is concentrated at about 110 Ma. This age is older 
than the starting age of igneous activity for granites in main island of Japan.
5. In this study, clear evidence suggesting that the OKTL is a western extension of the MTL 
is not indicated. However, it is revealed that the Higo Belt is included in not the Ryoke 
Belt, but the paleo-Ryoke Belt. The UYTL which situated at south of the Higo Belt is not 
regarded as a western extension of the MTL.
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